INTRODUCTION
First described in 1880, 1 hereditary spastic paraplegia (HSP) comprises a heterogeneous group of neurodegenerative disorders characterised by progressive lower limb spasticity, retrograde degeneration of the crossed cortico-spinal tracts and thinning of the posterior columns in the spinal cord. 2 Complicated forms, also known as 'complex hereditary spastic paraparesis (CHSP)', are characterised by the addition of such neurological features as spastic quadriparesis, seizures, dementia, amyotrophy, extrapyramidal disturbance, cerebral or cerebellar atrophy, optic atrophy, and peripheral neuropathy, as well as by extra neurological manifestations such as dysmorphism, albinism, retinitis pigmentosa, deafness, dementia, amyotrophy and ichthyosis.
2e4 CHSP forms are generally inherited as autosomal recessive traits. In Mediterranean countries, CHSP forms are more common, due to the increased frequency of consanguinity and its association with autosomal recessive pathologies. 4 5 Currently, more than 40 HSP loci and 21 causative genes for pure and HSP forms have been identified. 4 With some genes shown to cause phenotypes associating with both forms, the historical classification of HSP types by pure and complex has become blurred. 4 Alternatively, HSP types are classified by the biological function of the proteins encoded by the causative genes. Accordingly, a large group of HSP associated proteins have been found to be involved in membrane trafficking and protein sorting pathways, including microtubule-based transport. 4 Some of these proteins are involved with the endosomal sorting complex required for transport (ESCRT) system, comprising ESCRT-0, -I, -II and -III. The ESCRT machinery is involved in the maturation of multivesicular bodies (MVB) and sorting of ubiquitinated membrane proteins into internal luminal vesicles. 6 Spastin and spartin, which are mutated in two common forms of HSP (SPG4 and SPG20), have been previously shown to bind the ESCRT-III proteins CHMP1B and Ist1, respectively; and spartin plays a role in cytokinesis. 7 8 For a comprehensive discussion of the role of ESCRTs in neural functions in general, and in HSP in particular, see this recent review. 9 We present two Arab Moslem consanguineous kindreds with multiple affected individuals presenting a unique phenotype of CHSP. We determined the causative mutation in the gene vacuolar protein sorting 37A (Vps37A), encoding for a subunit of the ESCRT-I complex.
METHODS
The ethics committee of Western Galilee Hospital, Nahariya, and the supreme Helsinki committee of the Israeli Ministry of Health approved the study.
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All study participants and parents of minors signed informed consent.
Clinical examinations
Complete physical, neurological and developmental examinations were performed on available and consenting individuals with CHSP from the two kindreds. Family history, laboratory test results, metabolic measurements, operations and medical procedures, including brain MRI, EEG, EMG, and muscle biopsy were accessed.
Genotyping
To localise the mutated gene we performed linkage analysis using a genome-wide scan with 2000 microsatellite markers distributed throughout the genome, at average intervals of 2 cM (DeCode, Iceland), as previously described. 10 Additional markers on suspected regions were selected from the UCSC Human (Homo sapiens) Genome Browser Gateway and the 'Linkage Mapping Set v2.5 MD5 and MD10' kits (Applied Biosystems, Carlsbad, California, USA). Data were analysed using the Superlink Online software 11 under an autosomal recessive mode of inheritance, with 99% penetrance and a disease allele frequency of 0.001, assuming uniform allele frequency distribution.
Candidate gene selection and mutation analysis
Information about the 24 genes and ORFs found in the genomic segment tightly linked to the disease (supplementary table 1) was gathered from the public databases (Ensemble Genome Browser, UCSC Genome Browser, UCSC Human Gene Sorter, GeneCards and OMIM), and their relevance to HSP was assessed. Relevant criteria included: < Genes already known to be involved in HSP or with pathways involved in HSP < Genes expressed in the central or peripheral nervous system, in neurons, glia and Schwann cells < Genes which have homology to known participants in HSP pathology < Genes known to be involved in other neurodegenerative diseases < Genes which have orthologues known to be involved in neurodegenerative diseases in model animals < Genes involved in the development and differentiation of neurons and dendritic cells, in particular paroxysmal axons of the motor and sensory systems.
Coding regions and at least 50 bp of flanking intron regions of eight genes, encompassing the top candidate genes in the linked interval, were sequenced and analysed using the ABI Prism 3100 automated sequencer according to the manufacturers' standard protocol (Applied Biosystems) and nucleotide blast (NCBI). Known single nucleotide polymorphisms (SNPs) with no link to the pathology were filtered.
Recently, two mutations in KIF1A were reported to cause pure HSP, one of them in Palestinians. 12 13 We have sequenced exon 8 and exon 13 of this gene, as it is located on the tip of chromosome 2 and might have generated a negative logarithm of odds (LOD) score due to the lack of markers next to it. The mutation's impact was assessed using Polyphen (Harvard), PANTHER (USC) and SIFT (JCVI) databases, PredictProtein package and the 1000 Genome Project and NCBI's dbSNP databases were examined to make sure a mutation in this position was not reported before. A structure of VPS37A was deduced by homology to the saccharomyces cerevisiae orthologue of VPS37A (RCSB PDB 2p22_C), and the impact of the K>A mutation was analysed using Chimera software (UCSF). The mutation's impact on protein stability was analysed with MUpro (UCI) tool.
Disease mutation cosegregation
The presence of Vps37A c.1146A>T mutation was tested in all participating members of both kindreds, in 50 healthy controls from the same village and in 214 ethnically matched healthy controls (Arab Muslims, residents of the northern region of Israel), via restriction analysis with Hinf1. Genomic DNA was amplified by PCR, using primers flanking Vps37A exon 11: 5
9 -ATTTTCTA-GATTTGCCACTG-3 9 forward primer and 5
9 -TTCTA-CATTAGCAGCTAATG-3 9 reverse primer, followed by enzymatic digestion with Hinf1 (New England Biolabs, Ipswich, Massachusetts, USA). PCR products were separated on 8% acryl amid gel. The wild type allele presents two bands of 230 bp and 111 bp; and the mutated, three bands of 230 bp, 72 bp and 39 bp.
RNA and cDNA analyses
We examined the nature of Vps37A expression in different tissues from both healthy and affected individuals. Vps37A mRNA transcript (Human Multiple Tissue cDNA Panel, BD Biosciences, San Jose, California, USA) was studied in eight normal tissue types: heart, brain, placenta, lung, liver, skeletal muscle, kidney and pancreas.
To compare the level of transcription of Vps37A in patients and healthy controls, we purified total RNA from whole peripheral blood using the RiboPure-Blood Kit (Ambion, Life Technologies, Carlsbad, California, USA), and extracted total RNA from fibroblasts using GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, St. Louis, Missouri, USA). RNA samples were reverse transcribed to cDNA and PCR amplified to detect Vps37A and b-actin. PCR conditions for Vps37A and b-actin were 30 s at 948C, 30 s at 558C and 10 s at 728C for 34 cycles. Primer sequences for Vps37A were: 5 9 -CACTTTCGAAAGGAAGATGCAA-3 9 and 5 9 -CCCTCCAAGAAATCTTCTGC-3 9 . Primer sequences for b-actin were: 5 9 -GGCATCGTGATGGACTCCG-3 9 and 5 9 -GCTGGAA-GGTGGACAGCGA-3 9 .
Western blotting
We compared the level of Vps37A protein expression in blood lymphocytes and skin fibroblasts from affected individuals and healthy control fibroblasts (Cascade Biologics, Portland, Oregon, USA). Actin was used as a protein loading control.
Coimmunoprecipitation assay
Since Vps37A interacts with other ESCRT-I proteins, such as Vps28 and Tsg101/vps23, 6 we investigated whether Vps37A (K382N) is capable of interacting with members of the ESCRT-I protein complex. Protein extracts were made from control (Cascade Biologics) and mutant fibroblasts. Wild type and patient fibroblasts were washed with PBS and lysed with 1% Nonidet P40, 50 mM TRIS pH 8, 150 mM NaCl, and a protease inhibitor mix (Roche Diagnostics, Indianapolis, Indiana, USA). Rabbit polyclonal Vps37A (Proteintech Group Inc, Chicago, Illinois, USA) was coupled to M-280 magnetic dynabeads (Invitrogen, Life Technologies, Carlsbad, California, USA) and a coimmunoprecipitation assay followed by western blotting was performed. Equivalent amounts of total protein cell extracts, as determined by BCA assay (Pierce Biotechnology, Rockford, Illinois, USA), were mixed with the Vps37A coupled dynabeads, or dynabeads only (negative control), and incubated overnight at 48C in lysis buffer. The beads were boiled in Laemmli buffer (Biorad, Hercules, California, USA) and eluates were loaded onto a 4%e12% tris-glycine gel (Invitrogen, Life 
Zebrafish and morpholino injection
To investigate the in vivo function of Vps37A in vertebrates and to further establish the causative relationship between Vps37A and the CHSP phenotype, we created a vps37a knockdown morpholino oligonucleotide (MO) zebra fish. Wild type zebrafish (AB x Tup LF) were staged and housed as previously described.
14 Groups of 25e30 stage-matched embryos were collected at 96 h postfertilisation (hpf). For vps37a knockdown, antisense MO (GeneTools, Philomath, Oregon, USA) were designed against the vps37a gene (Accession number: NM 001145152), 25 base pairs upstream of transcript start codon (vps37a 5 9 ATG: 5 9 -GTCTGTATGAGTTACTGCCGGACAT-3 9 ) and the intron 1-exon 2 splice site (vps37a Spl: 5
9 -CTCTGGTTTTCACTGCA-CAAGAAAA-3 9 ). Embryos were injected with MO (1 ng/ embryo) at the 1-to 2-cell stage and allowed to develop at 28.58C to desired stages. To evaluate functional consequences of Vps37A knockdown, and to detect reduced larval mobility, we applied a touch response test at 96 hpf as published previously. 15 For rescue experiments, full length human VSP37A was amplified by PCR from a human cDNA clone (IMAGE clone: 5275060, Accession: BI550733.1, Open Biosystems) and cloned into pCS2 + (Invitrogen, Life Technologies, Carlsbad, California, USA).
Mutagenesis was undertaken using the QuickChange site directed mutagenesis kit (Stratagene, Agilent Technologies, Santa Clara, California, USA) according to the manufacturer's instructions. The missense mutation was introduced for VSP37A K382N using the primer sets (Forward: 5 9 -gagccaaggaagagaatcttcagcaggcgatag-3 9 ; Reverse: 5 9 -ctatcgcctgctgaagattctcttccttggctc-3 9 ). VSP37A plasmids were linearised with Not1 and mRNA synthesised using Ambion mMessage mMachine SP6 kit. Either wild type or mutagenised mRNA (75 pg) were injected into the cytosol of one cell stage embryos with vsp37a MO.
RESULTS

Family and patients
Medical history and physical examinations of seven individuals from one kindred (figure 1A) and two from a second (figure 1B) revealed common features (table 1), including normal pregnancy and delivery, developmental and motor delay from the first or second year of life, followed by unsteadiness in standing, and difficulties in walking. All affected children presented with spasticity in the lower limbs that progressed to the upper extremities, requiring recurrent physiotherapy and ligament lengthening operations. Several patients were treated with botulinum injections with moderate improvement, regaining the ability to walk with the aid of a walker. All patients presented mild to moderate delays in cognition and speech. Marked kyphosis was noted in all patients. However, patients II 8 and III 12 , from kindred 2 (figure 1B), presented a more severe phenotype (table 1) . When assessed, laboratory test results, metabolic measurements, EEG, EMG, muscle biopsy and oxidative phosphorylation studies were normal (data not shown). Patients were not dysmorphic. Brain and spinal cord MRIs were essentially normal with non-specific findings in some patients. Seven additional members (IV 17 , V 9-14 , figure 1A ) of the first kindred and one additional of the second (II 9 , figure 1B) were suspected of being affected with an identical phenotype, but were not available for examination or genetic analysis. 
Mode of inheritance
The healthy consanguineous parents of all affected individuals in the first kindred are descended from a single ancestor, indicating autosomal recessive inheritance and suggesting a founder mutation. The pedigree of the second kindred is also consistent with autosomal recessive inheritance.
Whole genome screen and linkage analysis
Genome-wide screening of nine members of kindred 1 (figure 1A), followed by fine mapping using 30 additional DNA samples from members of this kindred, supported sole linkage to a 12 Mb (25 cM) region spanning markers D8S550 to D8S1734, with a maximum LOD score of 6.7, on marker D8S261 (table 2) . Linkage to all other chromosomal regions was excluded by negative LOD scores.
Haplotype reconstruction
Haplotype reconstruction for kindred 1 revealed a uniform homozygote region shared by all affected members, and cosegregating with the disease, flanked by markers D8S261 and D8S405. Detection of the identical homozygous region between markers D8S280 and D8S405 in healthy individual VI-18 narrowed the CHSP locus to the region between markers D8S254 and D8S280, an interval of 3.8Mb (6.8 cM, position according to the March 2006 release of the human genome assembly, hg18) ( figure 1A ). Haplotype reconstruction of kindred 2 using a slightly different repertoire of markers within the same linked region, dictated by informatively of DNA markers, revealed a common haplotype cosegregating with the disease in affected individual II 8 ( figure 1B) . However, affected individual III 12 inherited the disease linked allele from her father, and a slightly different allele from her mother (figure 1B), possibly due to expansion of the repeat number in marker D8S261 that occurred in one of the founders of this family.
Candidate gene selection and mutation analysis
The common genomic segment encompasses 24 genes and predicted transcripts (supplementary table 1). The relevance of these genes to HSP was assessed according to the criteria detailed in the Methods section.
Out of the 24, eight genes were defined as good candidates to have the disease-causing mutation: FGF20, NAT1, PSD3, LPL, SLC18A1, ATP6V1B2, LZTS1 and VPS37A. All eight candidate genes were sequenced, and 16 polymorphisms were found. Out of these, 15 were previously reported SNPs with no link to the pathology. VPS37A c.1146A>T was the only novel sequence variant found.
We identified a novel A>T point substitution in Vps37A (OMIM 609927), in the coding region of exon 11, rendering a lysine to aspargine inframe substitution at position 382-p. K382N ( figure 2A) . Cross-species alignment of the amino acid sequences for Vps37A showed lysine in position 382 to be highly conserved throughout evolution ( figure 2B,C) .
No SNP in this location was previously reported in the 1000 genomes project or NCBI's dbSNP.
Analysis of the impact of the mutation on protein function was predicted to be deleterious using Polyphen ('Probably Damaging' with a score of 1.000) and Panther ('Deleterious' with 88.4% probability), while SIFT tool predicted the mutation to be 'Tolerated' with a score of 0.22. PredictProtein analysis of the normal and mutant proteins gave similar results with no indication of change. Lysine 382 is located at the C' terminus of the protein, in an unstructured region. Analysis of the tertiary structure predicted that no structural change would be caused by the substitution. Prediction of the impact of the mutation on the protein stability, using the MUpro tool, was inconclusive, with some of the methods used showing increased stabilisation while others showing it to decrease.
Previously published causative mutations for HSP in Palestinians, in exon 8 and 13 of the KIF1A gene, 12 13 were examined and ruled out.
Disease mutation cosegregation
Using direct sequencing and restriction analysis we showed complete segregation and thus full penetrance of the mutation Vps37A c.1146A>T with the disease phenotype; all affected individuals were found homozygous to the change, obligate carriers and some siblings of the affected were heterozygous, and no healthy members of kindreds 1 and 2 were homozygotes. The absence of the identified point substitution in 428 chromosomes of healthy ethnically matched control samples refuted the possibility of a unique ethnic polymorphism. Interestingly, random analysis of DNA samples from 50 healthy individuals, residents of the same village, but not related to our patients, revealed three carriers for the point substitution, none of them homozygous, pointing indeed towards a founder mutation in this genetic isolate.
Vps37A mRNA expression
Vps37A mRNA transcript (Human Multiple Tissue cDNA Panel, BD Biosciences) was observed in the eight normal tissue types examined: heart, brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas, with lower levels in the brain and skeletal muscle ( figure 3A) . Expression levels of Vps37A mRNA derived from lymphocytes and fibroblasts of affected individuals were found equivalent to those of healthy individuals (figure 3B).
Western blotting and coimmunoprecipitation assay
Equal amounts of protein lysates, as determined by BCA assay from both affected and control fibroblasts and lymphocytes, showed equivalent amounts of Vps37A protein on western blot probed with a Vps37A-specific antibody (Santa Cruz Biotechnology) (figure 3C), indicating that the novel missense mutation does not cause destabilisation of the Vps37A protein. We found that both Vps28 and Tsg101 coimmunoprecipitated with Vps37A (wild type) and Vps37A (K382N) in equal amounts ( figure 3D, lanes 1 and 2) . The beads-only co-IP, which served as Figure 4 Zebrafish model for Vps37A complex hereditary spastic paraparesis; zebrafish embryos were injected at the one-cell stage with either 1 ng of standard morpholino (stdMO) (A) or 1 ng of splice site MO (vps37aMO) (B) and showed no obvious defects in gross morphology analysed at 96 h postfertilisation (hpf). (C) Embryos injected with control MO (n¼23), Vps37A MO (n¼23), vps37a MO plus VPS37A RNA (n¼26) or vps37a MO plus VPS37A RNA with mutation K382N (n¼25) were subjected to a touch response test to determine the degree of larval mobility. At 96 hpf, the mean distance per embryo was significantly reduced in Vps37A MO-injected and embryos. Graph showing the mean distance per embryo (mm) in the touch response test: controls (StdMO) (4866768045, n¼23), vps37aMO (488961453, n¼23), vps37aMO +VPS37A RNA (5427868094, n¼26), vps37aMO+VPS37A K382N RNA (783361424, n¼25). Values shown as mean 6 SEM. Data were analysed using the ManneWhitney U test. *p<0.0001, **p<0.0001, ***p<0.0001, ****p¼0.0374 (NS). a negative control, did not show a specific immunoprecipitation with the Vps37A, Vps28 or Tsg101 protein ( figure 3D, lanes 3  and 4) .
Zebrafish and morpholino injection
Zebrafish embryos injected with 1 ng of vps37a MO showed no obvious dysmorphology at 96 hpf ( figure 4A,B) . The Vps37A MO-injected zebrafish at 96 hpf showed striking and significant loss of motility in comparison with standard MO-injected controls (figure 4C), providing evidence for Vps37A involvement in CHSP. Rescue with wild type but not with mutated VPS37A proved specificity of this morpholino approach ( figure 4C ).
DISCUSSION
A mutation in Vps37A causes a novel form of autosomal recessive CHSP
We characterised a novel form of autosomal recessive CHSP in two Arab Moslem kindreds. We showed a homozygous missense mutation in Vps37A, c.1146A>T (pK382N), to be the cause of this pathology. The causative relation between this mutation and autosomal recessive CHSP is substantiated by several findings: The disease and the region on chromosome 8p22 are linked with statistical significance and a common haplotype is inherited with full segregation. Mutation c.1146A>T of Vps37A, which is in full segregation with the disease in both families, is not a known SNP according to 1000 Genomes Project and dbSNP, and was not detected in any of 428 control chromosomes from the same ethnic origin. The haplotype fully corresponds with the mutation in affected individuals and is absent in healthy family members. The two kindreds reside in the same small genetically isolated village and are highly consanguineous. The amino acid K382 is located in the mod(r) motif in Vps37A and is highly if not completely conserved among species. Further, our demonstration of significantly reduced mobility in Vps37A MO-injected zebrafish compared with standard MOinjected controls with specific rescue experiments supports Vps37A involvement in CHSP. A number of unique mutations have been identified in similar isolated populations residing in villages in the same area. 
Vps37A and the ESCRT-I complex
Vps37A encodes a subunit of the ESCRT-I complex. The lysine in position 382 is highly conserved throughout evolution, appearing in all examined organisms. The impact of the mutation on protein function was predicted to be deleterious using Polyphen and Panther, while SIFT tool predicted the mutation to be 'Tolerated'. PredictProtein analysis of the normal and mutant proteins gave similar results with no indication of change. Analysis of the tertiary structure of VPS37A predicted that no structural change would be caused by the substitution, and we show that mutant Vps37A protein expression does not destabilise the ESCRT-I complex. The observation that Vps37A (p.K382N) is still able to interact with members of the ESCRT-I complex Vps28 and Tsg101 suggests that the conserved K382 is not involved in ESCRT-I assembly, but rather affects normal muscle tone and strength via a different biological pathway. Thus, this position may be related to interactions with other proteins or other forms of regulation of the protein which are currently unknown.
Bache and coworkers demonstrated that in mammalian cells the ESCRT-I complex, namely Vps37, Tsg101, Vps28 and MVB12, is required for downregulation of the epidermal growth factor receptor via degradation. 20 While the tissue and cellspecific role of the ESCRT machinery is not well characterised in humans, ESCRT-I is known to play a role in HIV budding and infection, 21 as well as in melanosome biogenesis in epidermal melanocytes. 22 Bache et al 20 identified hVps37A as the human counterpart of Vps37 in yeast, and the equivalent of the protein hepatocellular carcinoma related protein 1. Severe consequences of downregulation of expression of other ESCRT-I members or failure of formation of the ESCRT-I have been reported. Homozygous Tsg101 -/-mouse embryos have been shown to fail to develop past day 6.5 of embryogenesis; 23 interference of Tsg101 expression has been shown to lead to neoplastic transformation. 24 Loss of TSG101 function in endo-lysosomal trafficking plays a significant role in the pathogenesis of spongiform neurodegeneration in Mgrn1 null mutant mice. 25 Expression and function of Vps37A
Our observation of Vps37A expression in cDNA of eight normal human tissues, including the brain, supports previous evidence that Vps37A is expressed in most human tissues, with the highest expression in the liver. 26 While the functional role of K382 is still unknown, K382 in the mod(r) domain is thought to be involved in regulation of protein expression through its binding to ubiquitin. This binding signals protein degradation, both by the proteasome and lysosome. 27 Interaction between Vps37A and ubiquitin remains speculative despite the similarity between the C-terminal of Vps37A and the ubiquitin E2 variant, located in the protein Tsg101. 20 27 Another possibility is that K382N impairs lysine acetylation. Lysine acetylation is not limited to modification of histones but occurs in other proteins as well, and participates in cellular regulatory processes such as silencing and protein stability. 28 It is possible that Vps37A-p.K382N causes CHSP by impairing a mechanism that is not related to endosomal protein sorting. ESCRT subunits are known to be involved in functions not related to membrane trafficking in a wide range of disease pathologies. 29 30 Defects in membrane trafficking and neurodegenerative disease
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The current study shows for the first time the involvement of the ESCRT-I member, Vps37A, in CHSP. Spastin, atlastin, REEP1 and spartin are other proteins involved in ESCRT complexes that are encoded by HSP causative genes. 31e39 Other defects in membrane trafficking have also been associated with HSP. Infantile-onset ascending hereditary spastic paralysis 16 and ALS2 19 are two recently documented examples. Furthermore, we note that defects in ESCRT compounds have been implicated with neurodegenerative diseases other than HSP, such as frontotemporal dementia and amyotrophic lateral sclerosis. 29 40 The current findings enable accurate genetic counselling to patients and their families, carrier testing and early prenatal diagnosis in a large consanguineous population in northern Israel, and possibly in other CHSP families worldwide. The molecular mechanisms underlying the phenotype are not yet known, but are possibly related to vesicular trafficking or abnormal ubiquitination. in the Western Galilee Hospital, who first took care of the patients described in this report, initiated and supported this project, but unfortunately did not live to see its successful completion.
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